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2.

5.

A tentative correlation was discovered batween the smoke yields of pure
bydrocarbuons and their strength as carbon acids.

1t compounds of questionable stability in long-term storage are exclu~

dsa, the isomers of xyleae offer the highest smoke production per unit
weight of fuel of any fuel tested.

Stroag Lewis-acids snd bases were found to be active in promoting in-
crease in smoke yisld; however, the incrsases were modest, being of the
oxder of 3% percent or less, Hslogen-containing flame inhibitors also
increased smoke yield. The effaciiveness of vhese additives have an
inverse relationship to the intrinsic smoke yield of the fusl, An ar-
gument is presented to show that this inverse relationship may be o
consequence of the correlation between smoke yicld and carbon acid
strength mentioned in ited 2, above.

Pe(CG)y and Cr0,Cl,, which are reported to shkow the highest order of
effectivoness as flame inhibitors, apparently inhibit formation of
sroke.

tthen the air supply to the smoke generator was enriched iu oxygen to a
composition 50 percent oxygen and 50 percent nitrogen, other parameters
remaining unchanged, the sumoike yield of benzene was increased more than
a factor of two. The smoke yields of nther fuels tested in the enriched
air aupply increased a modest amount or showed littie crange.

A solution of 5,78 weight percent of & hydrocarbon of high smoke yield
findene) in g& hydrocarbon of low smoke yield (n~decane) produced a
higher smcke yield by 25 to 50 percent than would have beaen obtainsd
from ita components if earh nsd been burned alomne, indicating indsne
to be active in promoting the samoke yield of n-decane.

An ¥+ -remse in smoke vield of about 20 percent was ohserved for fusls
burning ove * granular, s0lid catalysts having acidic surfaces (activa-~
ted aiumina, and phoaphorous pentcride on diatomeceous earth) and over
one having a basic surface (sodium amide on diatomacecus earth) com-
pared with tne same fuels wurning elone.

Recommendatione are:

1.

Further chemical investigation intended to improve the performance of
carbon smohke generators should seek an understanding of the mechanism
of tormation of =arbonacecus smoke,

In the immediate term, it is recommended that an investigsction be con-
ducted of the extent to which the performance of & full-scales proto-
tvpe smoke generator, empluying a hydrocarbon fuel with air es oxidiz-
er, can be improved oy optimizing the mode of mixing and degree of tur-~
bulence of the streams of fusl vapor and air, for greatest production
of smoke,
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ABSTRACT

An experimental investigation was conducted of the improvement in per-
formance of a simple carbon smoke gensrator, employing a hydrocarbon fuel aud
air as oxidizer, that could be cbtained by appropriate choice of fuels and of
various additives to the fuels. The smoke yield of pure hydrocarbons, deiined
as the weight of carbonaceous smoke recovered per unit weight of carbon in the
fuel burned, varied widely among the hydrocarbons tested, the extremes differing
by a factor of 15. The smoke yields of most of the hyu.ocartsns and ﬁydrocarbdn
derivatives correlated well with their strength as carbon acids, i.¢,, their

tendency to dissociate to form carbanions.

Strong Lewis-acids and bases and halogen - containing flame inhibhitors,
as idditives, increased the smoke yield of hydrocarbons. The fractional
increase in smoke yield thus produced was in inverse relatiocn to the intrinsic
smoke yield of the hydrocarbon burned. An argument is given to show that the
diminished fractional increase in the smoke yields of hvdrocarbons of high
intrinsic yield of smoke may be due in large part to the form of the correlation

found between the smoke yield of bydrocarbors and their strength as carborn acids.

Oxygen-enrichment of the air supply to the burner was found to cause the
smoke yield of benzene to approximately double in value, The smoke yield of
cyclopentadiene increased 50 percent when supplied with oxygen-enriched air,
but the effect was modest or negligible in the case of other hydrocarbons

tested.
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Section 1
INTRODUCTION

In a study conducted in 1963 under sponsorship of the Office of Civil
Defense (Ref. 1) of the feasibility of countermea.ures to thermal radiation
produced in nuclear explosions, it was concluded that smoke screens composed
of optically absorbing particles offered an effective countermeasure. In a
subsequent investigation (Ref. 2) this conciusion was confirmed, and it was
shown, on the basis of both theoretical and experimental resulis, that carbon
was near optimum as a2 material of which tc compose ground-level screens for this

purpose,

Smcke generators employed in the experimental pregram included solid types,
based on polymer fuels witihh potassium perchlorate incorporated as an oxidizer,
and zlso liquid hydrocarbon fueled generators employing atmospheric air as
oxidizer. Generators of both types were developed having performance character-
istics capsble of satisfying the requirements of a thermal countermeasure system;
however, in either type of generator, any stable mode of operation required that
the majority of the fuel be burned to produce heat, so that only a minor frnction

of the carbon contained in the fuel was available tc form carbonacecus smoke,

in circumstances requiring rapid erectior of the countarmeasure screen,
generators capable of a high rate ol smoke production must be available; however,
a concoritaat high rate of he.t generation would be undesirable for various reasuns,
the most important of which is probably the fire hazard it might present unuacer
some conditions, Any improvement in the fuel sfficiency of a carbonr smoke
generator promises a compound benefit :in ameliora' ng this >rodblem, Lecause the
number of pounds of fuel required to obtain any destred atmospheric loading of
smoke could b reduced {f the smoke produced per pound of fuel were tncreased,
while, at the same time, less 'at would be produced per pound of fuel because
lede of the total carben would he turnsd. Addiienally, (mproved efJiciency n
cinversion of fuel toe carbon smoke would be {mportant to the (hermal countermeasure

prograid also in reducing fuel costs, reducing the size and cost of fuel Lok
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associated with each generator, and in reducing tke amount ¢f carbon monoxide

=

produced with the smoke.

Partial (fuel-rich) comoustion of hydrocarbons in air has been given
principal consideration as a process for generation of carbon smoke because
hydrocarbon fuels are inexpensive, contain a high weight-percent carbon, and
are available in the required quantities. Furthenzore, the combustion of
hydrocarborz in air can produce nearly pure carbon smoke, free of other par-
ticulate matter. The only toxic material produced in significant quantity in the

combustion of hydrocarbons is gascous carbor monoxide, which cin disperse readily

b into the atmosphere and be reduced ultieately to negligible concentrations with-

cut permanently contaminating areas in the vicinity of the generaters.

Preliminary experiments had shoan that significant increases in the amount
of carbonaceous smoke produced in the burning of hydrocarbon fuels in air could
be obtained by choicec of appropriate fuel and, in sore cases, by incorpcrating
additives in small concentration in the fuel. The present investigation sus

uidertaken to assess the advantages of this approach that were indicated by the

O 3 &3 E am amm e

preliminary work.
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Section 2

SUMMARY

N W

An experimental investigaticn was conducted of the improvement in the

performance of carbon smoke generators, of a type considered for use in a thermal

% countermeasure program, that could be obtained by choice ‘i appropriate fuel and
' the introduction of addi‘ives to the fuel. The improvement of performance desired
g was Lkigher recovery of fuel carbon as smoke and generation of less heat,

The smoke yield, defined as the weisht of carbonaceous smoke recovered per

A

unit weight cf carbon in the fuel burned, was measured for 35 different pure

hydrocarbons under closely controlled conditions in a laboratory generator,

A

The laboratory generator was geometrically similar to one previously employed,

experimentally, in the thermal countermeasure program.
The following general classes of additives were tested for their effect on

the smoke yield of hydrocarbon fuels.

1, Acids and bases (electron acceptors and donors) and known flame
inhibitors

2, Oxygen, in the form of oxygen-enrichment of the air supply

3. Selected hydrocarbons of high intrinsic smoke yield as additives to
hydrocarbons of lower smoke yield

4. Compounds capable of initiating energetic reaction at moderate
temperatures (triethylaluminum and cyanuric triazide).

5. Sclid dehydrogenation catalysts

Findings were as follows:

1. The extreme values of smoke yield, of various pure hydrocarbons tested,
; differed by a factor of fifteen

2, A tentative correlation was discovered between the smoke yields of
pure hydrocarbons and their strength as carbon acids

3. 1f compounds of questionable stability in long-term storage arc excluded,

the isomers of xylene offer the highest smoke production per unit weight
of fucl of any fuel tested
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4, Strong Lewis-acids and bases were found tc be active in promoting
increase in smoke yield; however, the increases were modest, being
of the order of 35 percent or less. Halogen-containing flame inhibitors
also increased smoke yield. The effectiveness of these additives has
an inverse relationship to the intrinsic smoke yield of the fuel.
An argument is presented to show that this inverse relationship mayv be
a consequence of the correlation between smoke yield and carbon acid
strength mentioned in item 2, above.

- oo O =

S. Fe(CO)5 and Cr0,Cl,, which are reportad to show the highest order of
effectiveness as flame inhibitors, apparently inhibit formation of smoke,

6. When the air supply to the smoke generator was enriched in oxvgen to a
composition 50 percent oxygen and 50 percent nitrogen, other parameters
remaining unchanged, the smoke yield of benzene was increased more than
a factor of two, The smoke yields of other fuels tested in the enriched
air supply increased a modest amount or showed little change,

7. A solution of 5,78 weight percent of a hydrocarbon of high smoke yield
(1ndene) in a hydrocarbon of low smoke yield {n-decane} produced a
higher smoke yield by 25 to 50 percent than would have been cbtained
from its components if “ach had been burned alone, indicating indene
to be active in promoting the smoke yield of n-decane.

8, An increase in smoke yield of about 20 percent was observed for fuels
burning over granular, solid catalysts having acidic surfaces (activated
alumina, and phospheorous pentoxide on diatomaceous earth) and over one
having a basic surface (sodium amide on diatomaceous eart) compared
¥ith the same fuels burning alone.

O 3 /839 &5 am @

Recommendations are:

7 B

1, Further chemical investigation intended to improve the performance of
carbon smoke generators should seek an understanding of the mechanism
of formation of carbonaceous smoke.

[ ontug |

2., In the immediate term, it is recommended that an jinvestigation be con- -
ducted of the extent to which the performance of a full-scale prototype
smoke generator, employing a hydrocarbon fuel with air as oxidizer; can
be improved by optimizing the mode of mixing and degree of turbulence of
the streams of fuel vapor and air, for greatest production nf smoke,

| sompee | | Sm b
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Section 3

APPROACH

The basic method of the present investigation has been the measurcment

*
and intercomparison of the smoke yields of a wide variety of fuels and fuel

additive combinations,

The principal purpose of the smoke-yield measurements is to find the relative
effect that various fuels and fuel-additive combinations would have on the smoke
production of a fie.d smoke generator. The combustion process in the measurement
apparatus must therefore simulate, insofar as possible, that of the fi~ld
generator, since the amount of smoke produced in hydrocarbon flames var.es in

different kinds of flames and burners, even for the same fuel.

In the same kind of burner system, however, the smokiness of hydrocarbon
flames is known to he influenced bv variables other than the properties of the
fuel, For example, in flames in which the reactants have nct been premixed,
the smoke yield is affected by the schedule of mixing ¢f fuel vapor and air
during combustior, especially with respect to the degree of turbulence present,
Differences, in successive experiments, in the pattern of heat transfer between
the flame and its surroundings can affect the progress of combustion, and hence
the smoke yieid. This is especially <o in the case of pool-burning of liquid
fuels, since the rate of supply of fuel vapor to the fire by evaporaiion is

dependent on the rate of heat transfer between flame and liquid fuel,

Variation of the smoke yield due to effects of this kind must evidently
be suppressed if the variation due to fuel tvpe and additives present is to be
made apparent, Variation in the measurements due to these iatter effects can be
minimized or eliminated by conductiag all the oxperiments in a2 combustion
apparatus that is invariant in the relative position of 11§ various parts, with

accurately cerntrolled atr sunply that is constant (during o given experiment)

Smoke vield is defined as the number of grams of carbonaceous smoke produced
per gram ol carbon contained i1 tne fuel sample,
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and reproducible in its rate, composition, and temperature and hy using the same

volume of fuel sample in all experiments,

The difference in behavior during combustion of different fuels burning
in the same burner under uniform conditions will, hopefully, be repeated in
the same kind of burner on a larger scale, although it is not to be expected
that this duplication will be perfect. The variables that influence combustion
behavior will not necessarily follow the same scaling laws when the linear
dimensions of the burner are increased from those of the laboratory model to
those of the full-scale field generator. Unfortunately, the variables that
influence the smokiness of combustion do not appear to be sufficiently well

established to permit these scaling relationships to be precisely specified.

It would appear, however, that the aspects of combustion most likely to
charge with scale would be physical effects, such as convection and degree of
turbulence, whereas effects due essentially to chemical properties of the fuel
would be less affected by changes in scale, Thus, the absolute value of the
smoke ,ield, which is dependent to some extent, on the schedule of mixing of the
reactants and, hence, on turbulence, would be expected to change with scale,
while the relative order in which various fuels stand with respect to the smokiness
of their flames-— an order that is largely determined by their chemical properties —

would be expected to remain invariant,

-
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Section 4
EXPERIMENTAL PROCEDURE

The apparatus for measurement of smok¢ yield illustrated in Fig. 1, ccm-
prised a controlled air supply, smoke generator, and smoke collection system,
The smoke generator was geometrically similar to one that had been employed
previously in the thermal countermeasure prcgram, i.e., a tray of liquid fuel
surrounded by an enclosure. 1In the full-scale apparatus, the air supply was
contrclled by the size of the draft openings in the base of the enclosure, In
our lahoratory apparatus the air supply to the smoke generatcr came from a tank
«f compressed air, in which the pressure was automatically maintained within
narrow limits by a compressor drawing atmospheric air. Air from tiie tank passed
through a pressure regulator and microregulating control valve. The constant
flow of air thus produced was passed through a copper heat exchanger coil immersed
in water at room temperature, from which it passed through a rotameter for flow

measurement, The air passed directly from tiie rotameter to the smoke generator,

The smoke generator consisted of a porcelain tray containing the fuel sample
supported in the bottom of a glass chimney. The air suppiy flowed upward through
an annular opening between the edge of the tray and a narrow baffle extending to
the wall of the chimney., The relative magnitude of the various dimensions of
the smoke generator were adjusted empirically until satisfactory performance was

*
obtained and then maintained constant in subsequent experiments. The main

It was found that variations of the order of 10 per~cent in measured values of
smoke yields near the maximum could result from quite minor variations in
configuration in the vicinity of the tray, presumably because these variations
influenced the air flow patterns and, hence, the schedule by which air entered
the flame. Changes of this magnitude were produced, for example, by raising
the tray relative to the air flow control baffle a distance of about 1 mm,
Such changes in configuration could alsc produce changes in the shape of the
curve of smoke yield versus air supply rate, We were concerned in this in-
vestigation exclusively with relative values of smoke yield, e.g., the smoke
yield of one fuel relative to that of another or of the yield of a fuel plus
additive to that of the fuel alone, so that it was sufficient simply to de-
sign the system in the vicinity of the tray so that its configuration was re-
producible and constant,

el
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adjustments required were of the ratio of length to diameter of the chimney
necessary to prevent ingress of air by convection down the chimney so that

the air available to the flame would be established by the measured air supply
rate, and to establish a configuration around the fuel tray that would ensure
orderly, reproducible combustion over the tray at all air supply rates., (In
some configurations, the flame flowed down over the side¢ of the tray at the

higher air supply rates to burn in an irregular fashion in the base of the chimney.)

The smoke was collected by filtration on a high-e¢fficiency filter* composed
entirely of glass fibers. The filter, which was rated ior continuous duty at a
temperature of 1000°F, was supported on a sintered bronze plate, The supporting
p'ate allowed free passage of air but was sufficiently fine-grained to prevent

any of the filter mat being drawn through it into the c¢xhaust system.

In operating the apparatus, a tared filter was placed in the filter holder,
and the air supply rate was adjusted to the desired value. One cubic centimeter
of fuel wus charged to the fuel tray via a small hole in the side of the chimney,
the filter exhaust pump turned on, and the fuel ignited by means of a miniature
torch (burning natural gas and oxygen) inserted through the hole in the base cf
the chimney. Upon ignition, the torch was immediately removed and the hole in

the chimney stoppered. Burning times were recorded with a stopwatch,

In pool-burning, the temperature of the liquid fuel is quickly brought to
the vicinity of the fuel boiling point by heat transferred fiom the flame and
rerains near this temperature until the fuel is consumed, 7The tray in which the
fuel is contained must follow, approximately, the temperature of the fuel, and
thus absorbs some of the heat generated in combustion. If the fuel tray were
at room temperature before each experiment, it would absorb an zmount of heat
that would tend to vary with the boiling point of the fuel. Furthermore, the
heat absorbed by the tray is not returned into the flame, as is the heat absorbed

by the fuel in its vaporization. Under these conditions, therefure, the fuel tray

Fixt-Flo air sampler filter sheet, fiber glass, Part No. 08/88332, Manufac-
tured by Mine Safety Appliances Co., 201 North Braddock Ave,, Pittsburgh, Pa,,
15208.

vt a2
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would extract an amount of heat from the flame that would vary from one fuel to
the next. The magnitude of the effect of this variable loss on the heat balance
of the flame would depend on the heat capacity of the fuel tray relative to the
size of the fuel sample burned, as well as on the range of boiling points of the

fuels tested.

To obviate this difficuity, the fuel tray in our smoke-generating apparatus
was warmed, immediately before each experiment, to a temperature 20°C lower

than the boiling point of the fuel being tested. The heat capacity of the tray
was approximately ten times as great as that of the fuel sample to be placed in
it, so that by preheating it, the initial temperature of fuel and tray together
was established, in each experiment, at nearly the same increment of temperature
below the fuel boiling point. In this way, the amount of heat, generated in
combustion that was absorbed¢ in raising the temperature of the fuel and its

container to the fuel boiling point was made nearly the same in each - periment.

After the fuel sample was burned the filter was removed from its holder
and back-weighed to obtain the weight of smoke collected on it, after which the
smoke deposited on the chimney and filter inlet plenum was removed by means

of a sable brush and added to the filter sample. The filter was then weighed

Chimney deposits were commonly on the order of 10 percent of total sample weight
and were nearly completely recovered by the brushing procedure, so that the

unrecovered part constituted a negligible error in the smoke-yield measurement.

The quantity of fuel charged to the smoke generator (1 cc) was determined

by the capacity of the filter, For example, if 2 cc of a fuel of high smoke
loading, until flow into the filter was reduced to the peint that some of the

smoke sample was lost through the free-air inlet., This occurred even though the

when the sample volume was standardized at 1 cc.

A series of preliminary measurements were made to assess the reproducibility

again to obtain the total sample weight and also the weight of the chimney deposit.

yield were burred, the pressure drop across the filter increased, due to excessive

filter exhaust pump was a positive rotary blower capable of drawing at least 3 psi

of vacuum behind the filter at low flow rates. This difficulty was not encountered

L ouniony|
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to be expected in the weight of the filters under the experimental conditions to
which they would be subjected in collecting smoke samples, Five measurements

were made, in each of which a filter was weighed and placed in the filter holder,
The filter exhaust pump was operated for 2 min in each case, but without combus-
tion of any fuel in the smoke generator. The filters were removec and backweighed.
The purpose of these measurements was to find the variation to be expected in
weight of the filter alone ascribable to handling procedures, All five filters

gained weight by amounts ranging from 0,1 to 1.l mg, the averagc being 0.7 mg.

The weight of the filters ranged from 1.3569 to 1.3796 g with an average weight
of 1.3670 g. The average variation in weight of the filters was thus 0,05 percent ;

of their weight,

Two measurements were made in which the procedure was identical to that ;

given above, except that during each of the tests a l-cc sample of methyl alcohol

a8 e

was burned in the fuel tray of the smoke generutor and the combustion products
drawn into the filter, Methyl alcohol produces no smoke in combustion but simulates
the combustion of hydrocarbons in other respects, in that heat, water vapor, and

cxides of carbon are produced. These tests were made to determine whether the

i i i

passage of heated combustion products through the filter, together with the

handling procedure, would affect the weight of the filter. One of the filters

T

gained 0.3 mg; the other lost the same amount,.

In the course of our subsequent experimental pro,ram, the smallcst samples
of carbonaceous smoke that were consistently measured were those produced by
combustion of 1 cc of varinus normal paraffins (n-hexane, n-heptane, n-decane),
These minimum samples of smcke weighed from 13 to 18 mg. The averuge expected
error in their measurement due to variations in weight of the filter would
therefore be about 5 percent, In the case of larger smoke samples. such as those
produced in the burning of 1 cc of benzene, which contained 117 mg of smoke,

this kind of error would be reduced to 0.6 percent.

After the reproducibility of the filter weights was established as described
above, a series of preliminary smoke-yield measurements were made for the purpose

of estimating the reproducibility of the smoke vield of a given fuel in successive
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measurements made under identical conditions and also to explore the variation
of smoke yield to be expected of various fuels as a function of air supply rate
to the smoke generator. Three measurements were made of the weight of smoke ob-
tained in burning of 1.0 cc of benzene under identical conditions.* The average
weight of smoke obtained was 115.8 mg. The maximum difference betwsen any two
smoke sample weights was 1,7 mg, and the average difference from the mean sample

weight was 0.7 mg, or 0.6 percent of the mean smoke sample weight.

This order of reproducibility of the smoke yield measurements was corrcbor-
. ated, in the subsequent measurements ot smoke yields of various fuels as a func-
tion of air supply rate, by the smoothness of the experimentally determined curves.
Some of these curves are presented in Fig, 2. The curves typically show a maxi-
mum, and the maxima for most of the hydrocarbons for which curves were obtained
occur at nearly the same air supply rate, viz,, 4,8 liters per minute., At air
supply rates below that corresponding to maximum smoke yield, the smoke usually
became loaded with partially oxidized organic compounds (as indicated by odor and
color) as well as being reduced in amount. Eventually, a minimum air supply rate

vas reached below which the flame could not be supported. As the air supply rate

CoO e e M e e 0O OO O

was increased above the rate for maximum smoke yield, the flame became more tur-

bulent, and ultimately a condition was reached at which little or no smcke was

—)

produced.

—

In the intercomparisonr of smoke yields between different fuels and between
the same fuel with different additives, it appeared desirable to use the yield

corresponding to the maximum in the curve of sioke yield versus air supply rate,

e

Since the majority of the fuels for which curves of smoke yleld versus air sup-

ply rate were obtained showed maxima in these curves at or near the same air sup-

S

ply rate, it was appropriate to choose a single standard air supply rate at the

common maximum at which to make measurements for compartison purposes, This

L

standard was taken at 4,80 liters/min,

S

The air supply rate in these three experiments was slightly higher than that
later chosen as stancdard.

— .3 34
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Section 5

SMOKE YIELDS OF PURE FUELS

The smoke yields of pure fuels for which measurements were made are
arranged in Table 1 in decreasing order of vield. A correlation appears to
exist betveen the smoke yields of hydrocarbouns and their acid strength. This is
illustrated in Fig. 3, in which the negative logarithms cf the acid dissociation
coustants of those hydrocarbons for which such data are available are plotted

against their smoke vield. The correlation is best for the more weakly acidic

nydrocarbons., The acid constants assigned to the various hydrocarbons are those

*x
of the M3AD scale as gi-en by Cram (Ref. 3, p. 19).

The acid dissociaticon constants plotted in Fig. 3 were measured in various
non-aqueous sclvent systems, whercas the reactions leadirg to formation of carbon
seoke in combustion occur in the gas phase. The observed correlation could still
be meaningful, however, since this would only require that the relative pro-
clivity of various hydrocarbons toward acid dissocation in the gas phase be

parallel to tiat in liquid solvents,

Additional gualitative evidence of the effect of hydrocarbon acidity on
s=oke vield is afforded by the relative smoke yields of various substituted
benzenes. When an electron-accepting group, such as a nitro or cyano group, is
substituted for hydrogen in the benzene ring, it has the effect of making
adjacent hvdrogens in the ring more acidic than in unsubstituted benzeae., Electron
dorors, such as amine or hydroxyl groups, have the opposite effect; so that in
analine and phenol, ring hydrogens are less acidic than in benzene. The smoke
vields of these substituted benzenes are shown in Table 2 relative to that of

benzene itself.

* The acid strengths of hydrocarbons are varialle over such a wide range

(approximately
applied in the
appropriate in
assembled from
regions of the

Streitwieser, Applequist, and Desay.

35 to 40 orders of magnitude in the acid constant) that techniques
determination of acid strength in one part of the scale are not
another, The MSAD scale of hydrocarbon acid constants has been
the results of four different investigations, in different
scale, employving different techniques, i.e,, those of McEwan,




- (e M e e 0 =D

v h e e

, 0
; 1)
! 661°0 081°0 19 @ auatrpejuadora4o
'
;
; 002°0 G81°0 68 nzunqu suaxiys
! ‘HO
; 102°0 281°0 121 fu© auaTdx - o
i
W *HO
{ 902°0 981°0 8TT ouafix - d
| V)
w. . . Hd « ‘
H €12°0 61°0 611 @ suszuaqTAyzowWIIl - ¥ ‘Z ‘7
i SHO .
: HO
: THD
i pig° 0 ¥61°0 ozl @ suarsx - w
| €42
m . 4y *Ho
{ €€2°0 602°0 e21 ‘o auazuaqIAY3aWIIYl -~ ¢ ‘g ‘1
i A w
!
: 852°0 1€T°0 Lot ton @ suszusqox) Tu
i hJ e
292°0 3€2°0 921 8 ausrpriuadoroALo1p
9920 Lv2 0 811 8 suapuT
182°0 0sg°0 o1t O auaerI}IIBISO0IN "D
IPE°O 12€°0 LS8 H3=0 A v auszusq TAuAyls
uoqIieo teny uld ong us (oos) )
ajows wd
ayous w3 ANIL TUALONYLS UVINDATIONR Tang
: UdTIIxX DIONS ONINYNG
: <
} b
w W STdANd SNOIYVA JO SATIIX IIOWNS FAILVIHYH
K 8 1 a1qel
= :
W -
_ |




§ _M"f":‘f‘!?%-a"f?‘ T gee et

e B e

2

[Ip]

_mouA v

PIOEB DTOZUDG

660°0 890°0 621
660°0 880°0 £y *HO - HD = HO - HO = *HD auatpeiuad - ¢ ‘1
€I1°0 980°0 €1 IOA”UW Touaru
LIT C ¥80°0 €1t zQEAQ a1tTI3TUOgQIBO-duedordo{a LD
EVIT0 IT1°0 8Vl ~r2A v durteue
¥v1°0 £€€T°0 0S8 H)J auazuan
&
N
3810 £E1°0 0Z1 nwmmwwu autoutnb
o

0s81°0 ov1°0 8¢ = HO - %HD - ®HD - WO = auUBTPEX3Y ~ € ‘[

L1°0 es1°0 1Y ﬁ W auatrjeldayoya4o
6L1°0 691°0 201 nxUA v auanyo?

181°0 8F1°0 g1 zuAMMv B1113TUOZUAG

€ C U
£X1°0 €91°0 611 .”wmuwunnu suszuaqTAyIAWEI1d1 - ¢ ‘b °
u
oqaed teny wild fony ud (o9s)
axouws ws
ojouws w3l JNIL TINLINYLS dVINOATON qdand
TIIXA OGNS ONINYNG

URS 678-4

(*3u00) Y a1qEL

PEEC




=

URS 678-4

et i+ ——— ~

=3 e @ B K e LD U il

o Py ] [ -4 Ld . .- h
£26°0 170°0 001 1o S(%HD) ®HD aueydoay - u
620°0 ¥20°0 97T g0 ®(*HD) *HO auedap - u

.- . € L, 2 €
1€0°0 920°0 S6 HO “("HM HO aurucu - u
1€0 ¢ 9zC ‘0 c8 ®Ho Y(%HO) tpo suexay - u
220°0 v¥S0°0 10T ¢ ) IUBXIYOTIAD
L
9900 960°0 08 ®Ho (*HOYHO *(*HO)O ®HO suelnqiAyrawtal - g ‘gz ‘z
120°C v0°0 cel 0= { v =0 auouinbozuac,
HN
6L0°0 L30°0 £01¢ Amuw s10x1Ad
N
680°0 L90°0 ¥6 %«w auiprAd
160°0 LLG7O0 €8 \lw BUEIUIOTIAD
260°0 0s0° 0 syl 20N { v auexayofaLnoaltu
uoqaed Mwmm‘sm [ony w3 (cos)
ajouws w3l — i
axouws wd| AWIL FUALONELS HVINOTION rand
aQTIIX TDIGHS ONINYNG

(*3u02) 1 OTqEL




el

URS 578-4

A1IP1OV JT9Y2 YJTM SuoqIedOJpAH JO SPISTX 9{OWS JO UOIEBI2I10) °g *‘S14

® Olgo -
s op 0¢ 02 o1
T I 1 ] I
(¢) INVLATH- ¢
INVXIHOTOAD

INVINIdOTOAD

INIZNIA @ N3 HIVIdIHOIDAD

ININTOL @
9 —
INI1AVINIdCIOAD

® INIANI

® \ INIZN3Ig TANAHLI

010
W
=
()

020 ™
IA
=
o

0e0




.
ooy,
[

URS 678-4 5-5

Table 2
SMOKE YIELDS OF SUBSTITUTED BENZENES

SMOKE YIELD RELATIVE

COMPQOUND STRUCTURE TO THAT OF BENZENE
nitrobenzene < }Noz 1,79
“ benzonitrile < }CN 1.26

benzene 2 } 1.00
analine <ij>NH2 0.99
phenol < />0H 0.78

= sm R s e e T

The relative smoke yields of the benzene derivatives listed in Table 2

]
[ d

thus stand in the same order as the acidity of the hydrogen atoms attached

to their benzene ringes.

A

The smoke yield of toluene is higher than that of berzene, even though the

methyl substituent renders the hrdrogen atoms of its tenzene ring less acidic

\
S|

than in benzene, because, as remarked by Shatenshtein (Ref. 4, p. 196), the
hydrogens of the methyl group itself, in toluene, are more acidic than those

of benzene.

The acid dissociation constants of compounds such as benzoic acid, phercl,

St

and analine are several orders of magnitude greater than those of any cof the

hydrocarbons, but they produce only modest smcke yields, Similarly the simpler

? J
[

2 alcohols, which do not appear in Table 1 because their smoke yields are either

zero or too low to be of interest, are more acidic than hydrocarbons, 1In all

omeircd

of these cases, however, these higher acid constants refer to the dissociation

of hydrogen attached to oxygen or nitrogen instead of carbon, From this

ohservation, it would ke inferred that the smokiness of the flame does not depend } '
on the dissociation of the positive hydrogen ion, but rather on the formation of

a negatively charged hydrocarben ion (carbanion) having its charge associated

—

with carbon.

——— Pty
. [
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Two apparent exceptions to tne correlation of smoke yield with hydirocarhoa
acidity have occurred that have resisted any resolution. The first of these is
the low smoke yield of cyclopeatadiene, evident in Fig. 3. The second consists
of the high smoke yield of 2, 2, 3 — trimethylbutane relative to that of n-hep-
tane. These compounds are isomers, their difference residing solely in the E
branched structure of the former, compared to the straight-chairn configuration ;
of the latter. The acidity of alkanes is reported to be lower in branched than |
in normal isomers (Ref. 4, pages 96 and 195, and Ref. 5), The smoke yield of

2, 2, 3 — trimethylbutane, however, is 1early three times as great as that of !
n-heptane, a result in accordance with the findings of other investigators
(Ref. 6, page 271), but just the opposite of that to be expected if smoke yield

parallels hydrocarbon acidity.

Referring to Table 1, it is seen that if fuels of questionable chemical
stability in long-term storage are excluded, the xylenes and trimethvlbenzenes
produce the highest weight of smoke per unit weight of fuel. At a current
price of about $0.035 per pound, ($0.25 per gallon), mixed xylene isomers also
offer the advantage of being relatively inexpensive. Dicyclopentadiene offors
a 25-percent greater smoke production per pound of fuel than the xylenes, but
it is more expensive (currently $0.12 per pound) and its stability in storage

is not known,

The naturally occurring mixture of xylene isouers begins to freeze at about
-30°C (-22°F), so that, as a fuel, it can be expected to remain a liquid under

most outdoor storage conditions.

o e A AL A
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Section 6

EFFECT OF ADDITIVES ON SMOKE YIELD

The quality desired of fuel additives in the present investigation was
that, when added to a fuel in small concentration (5 weight percent or less),
they would produce a substantial increase in the smoke yield of the fuel. The
belief that this might be possible was based on the observation that all of the
hydrocarbons eligible for consideration as practical fuels for carbon snoke
generators are thermodynamically unstable with respect to decomposition into
carbon and hydrogen at room temperature as well as at higher temperatures
characteristic of flames. Furthermore, many of the unsaturated hydrocarbons are

excthermic with respect to decomposition into carbon and hydrogen.

The fact that these hydrocarbons ordinarily do not form carbon particles at
temperatures below about 1000°C, either in combustion or pyrolysis, must therefore
be attributed to the existence in the reaction mechanism of steps requiring a
large investment of energy for their completion. The high temperature would then
be required to provide a ready source of energy to drive the reaction over the
energy barriers represented by these intermediate steps, even though the overall

reaction is thermodynamically feasiisle at lower temperatures.

An auditive capable of changing the reaction mechanism leading to formation
of smoke to one in which less energetic intermediate steps were involved could,
therefore, induce the formation of smoke at a lower temperature. In combustion,
then, less of the carbon would need to be burned to maintain the temperature of
the flame, so that a larger fraction of the carbon would be available to make

smoke.

Other approiaches to the catalysis of smoke production would appear to be
possible. The heat produced in the oxidation of the hydrogen, contained {n
hydrocarbon fuels, to water would be more than sufficien® to maintain f{lame
temperature, even 1f none of the carbon were oxidized, At the equilibrium toward

which the system tends at the temperature of the flame, however, just the opposite
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situation prevails, i.e.,, virturlly all of the short supply of oxygen would be

combineu with carbon in the form of carbon monoxide, while nearly all the hy  rcgen ]
would remain unoxidized. Flames, however, are dynamic systems, and the composi-

tions of tneir final products are apt to be the result of the relative rates of

competing reactions, without equilibrium ever being reached. Thus, an additive

capable of influencing relative reaction rates in a direction resulting in oxida-

tion of more hydrogen and less carbon would increase smoke production w¥ithout the

|

|

need of any reduction in flame temperature, l
The formation of smoke can hardly be a simple reaction, since it involves

the conversion of relatively small hydrocarbon molecules containing one or two ll

hydrogen atoms per c(uarbon atom into carbonaceous particles of smoke containing

on the order of 104 to 109 carbon atoms, with only about one hydrogen atom l}

remaining for each eight carbons, Moreover, the milieu in which the smoke-forming

reaction occurs is the flame, the detailed chemistry of which is, itself,only

vaguely defined at present. 1In searching for additives to improve the smoke yields [}

of hydrocarbon fuels, therefore, it has been necessary to follow a heuristic

approach. [1

ACIDS, BASES AND FLAME INHIBITORS AS FUEL ADDITIVES {§

In view of the tentative correlation tetween the smoke yield ot h: irocarbons
and their acidity, discussed earlier in this veport, acids and bases (in the i,
sense of being electron acceptors or donors) have been tested as additives, The )
rationale was that if thc smoke-producing process depended in an important way [§
on the acid dissociation of the hydrocaroon fuel, the addition of strong actds )
or bases could promote this disscciation by suppressing the activity of one or “
the other of the products of the dissociation or, in the case of acids, by
inducing greater acidity in the fuel molecule by formation of coourdination com-
plexes with it, The interpretatton of some of the experiments, tnvolving Lewis-
acids as additives, was obfuscated becavse some of the stronger acids were
relatively volatile compounds of metallic elements, usually o halide, that were
capable of forming nonvol . tile compounds by hvdrelysis or by reactton with cxyvgen,

Any of the acid that wax converted to metal oxtde or avdrogide 1o passing through
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the flame would condense, owing to its lower volatility, and deposit with the
smoke in the filter, whereas the additive in its original more volatile form would

pass through the filter as a vapor with the gaseous combustion products,

A question common to these experiments was, therefore, how much, if any,
of the increase in apparent weight of the smoke sample collected in the filter
was metal oxide, hydroxide, or oxohalide formed by hydrolysis of the additive
in the flame or in the products of combustion prioi to their reaching the
filter., Prediction of the amount of metal oxide deposited in the filter in
these experiments was often plagued by uncertainty as to whether all of the
metal-containing additive had evaporated from ths fu:l tray with the fuel, as
well as the question of whether all of the vaporized addicive that did accompany
the fuel into the flame was, in fact, hydrolyzed and condensed to solids before

reaching the filter.

Quantitative measurement of the amount of metal oxide deposited in the
filter was needed in these cases. The analytical problem was not severe, in
that only one kind of metal was present in each instance and its identify was
known beforehand. Analyticsl determination of the metal oxile present in each
filter was complicated from an operaticnal point of view, however, by the
circumstance that a different metal was involved in --ach of this kind of acidic
additive tested, so that a different analytical procedure, suitably reconciled
1o the presence of the glass fiber filter and carbonaceous solids, would neod

to be adapted for the metal contained in each additivc,

Quantitative analysis for the carbon content of the smoke samples was a
pussible alternative. Insofar as the weight of carbonaceous smuke in the filter
sample could be taken equal to the weight of carbon found in analysis, the
desired answer would be given directly. 1t offered the advantage that the same
procedure could be applied to all samples irrespective of the nature of che
metal oxides contained in them, however it sutfered some disadvantage in that
carboneceous smoke is not composed solely of carbon, but contains at least 1
percent by weight of hydrogen chemically bonded in its structure, as well as

virfable amounts of oxygen and, in some cases nitrogen, 1f that element is present

o T *----uggg!E!§
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in the fuel. ibus the analysis for carbon, in addition to being someshatl tedious,

is also incapaole of previding exact determination of the wei nt of carbonaccous

re

smoke in the filter samplce.

A simple, rapid, gravimetric method was uadopted feor measurement of the
amount of metal oxide contained in the filter samples, one which is essentizally
independent of the kind of mctal oxide present. The method depends on oxidation
of the carbonaceous smoke on the {iiter by an oxygen plasma con*taining a high
proportion of oxygen atoms. The oxygen plasma was formoa by microwave discharge
in oxvgen at reduced pressure. Atomic oxygen reacts «ith organic material and
carbor with negligible activaticn energy, so that cxidation can proceed at room

temperature, the rate beirg deterrined by the rate of delivery of oxvgen atoms

to the carbonaceous material. Although the electrons in the plasma are at a
high temperature, they are not in temperature equilidrium with the oxygen atoams,

which remain near ambient temperature. Cxidation of the carbonaceocus sroke

proceeds quantitatively to completion in approximateiy 30 min to 1 hour without

raising the temperature c¢f the sample more than a few Jdegrees above room

3

temperature. Owing to the mild thermal conditions, and the insignificant chemical
effect of the piasma on the glass filter, its weight is nrot significantly altered

by this treatment. Backweighing of the filter afrer the treatment, therefore,

r

provides both the weight of the carbonaceous smoke and of the metal hvdrelysis

il
]

products present on the filter, since the tare and gross weights of the filter

=

sample are known,

A potential source of ambiguity in the wethod can arise from the question

==

of whether or not the metal had been oxidized to a higher valence state by the
oxygen atowms, with consequent change in molecular composition and apparent
weight. In a majority of cases in which the method has been usec, it wxas known
that the metai was in its highest oxidation state before treatment(e.z., boric
acid derived from hydrolysis of boron trifluoride additive). In cases where
this is not surely known, the difference between the weights of the metal oxide
or hyvdroxide in the different oxidation states would usurlly censtitite a minor

percentage of its weight in either state, so that thes magniiude of this uncertainty

| Sp—  S— | S—  W—

would not be large.

Ll | S— |
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Unfortunately, this procedurc was adopted so late in our program that it

mMw

was not possible to apply it to all of the samples ¢o which its application
would have been useful; however, it has been applied in the case of one fuel,

benzene, ior each of the mcst strongly acidic additives which have the greatest

W

propensity towxard reaction with water or oxygen to form cormpounds of low vola-

tility. The results of experiments with these additives must account for the

additive deposited in the filter, so they are given separately (in Table 3) from
the results ior the remainder of the acidic and basic additives (given in Table
4).

e AN

Many of the chemicals tha® are known to inhibit the propagation of {lames

WAL,

iz hydrocarbon —air rixtures are acids (electron acceptors) or dissociate in

the flame to produce acidic radicals, and some of the more strongly acidic

oy

additives in Table 3 are known to be effective as flame inhibilors. 1iIn the
present investigation the results obtained concerning the effectiveness of
other flame inhibiting compounds in increasing smoke production have therefore

also been included in Tables 3 and 4.

Referring to Table 3, it would appear that in the cases of BF O(CZHS)Z,

3 :
SbCls, and CbH:POCI not all of the additive, in each case, was ccllected as ‘é

29
a2 nonvolatile hydrolysis product in the filter. The amount Of noncarbonaceous
residue, found in the experiment with SnCl4 as additive, agrees quite closeiy ;
with the weight of Sno2 that would correspond to the tota. weight of additive.
In the case of Cr02C12, the noncarbonaceous residue exceeds ithée maximum

calculated in the form of CTZO by about 235 percent.

3

It is interesting to note that z sealler amount cf noncarbonaceous residue
apparently occurs in the burnirg of n-decase than in the case of benzene and
xvlene. Thus, sith 5 percent SnCl4 as additive in benzene, an amount of residus
equivalent (as Sn02) to the total amount of additive was depositaed in the filter
sample, whereas when n-dccane containing 5 percent SnCl4 was burned, the net
weight of the entire sample ohtained in the filter was less than the wzight of 1
SnO2 equivalent to tne SnCl4 additive, Since it was obvious from the black

color of this scmple that it contained some carbonaceous material, it must

o
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Table 4
EFFECT OF ACIDS, BASES, AND FLAME INHIBITORS ON SMOKE YIELD
Smoke Yicld Furning ’I‘l.mv
Concentration of Fuel With of Fuci With
Additive Pofling of Additive Addittve Additive
oln in Fuel Relative to Relative to
o That of Pure That of Pure
Fuel Fuel
ZnCl2 m-xylene 1.03
nitrohenzene 1.09
henzene 1.13 1.00
1"‘eBl'3 Sublimes m-xylene 0,98 0. 86
1
with decomp'n benzene 5wtk 1.10 0.95
n-decane 0.51 0.79
AgCl()4 Decumposes m-xylene 1.05 0,92
at 486 henzene 5wt 1.05 0.97
n-recane 0.39 .74
ZrCl4 Sublimes 331 m-xylene 1,05 0.82
nitrobenzene 5wt 1,09 0.99
benzene 1,12 0.99
MoC15 268 m-xylene 101 0.94
nitrobenzene 5wi% c. 93 1,05
benzene 0.95 0.80
WC‘.6 346, 7 m-xylene 0.92 0,86
nitrobenzene 5wt 1.04 1.10
benzene 1,08 0.85
'v'Oc:l3 126.7 m-xylene 0.78 0. 40
nitrobenzene 10 vol & 0.89 1.29
benzene 1.18 0.55
\’Cls Decomposes m-xylene 1,00 0.83
nitrobenzene 5wt % 1.17 1.27
benzene 1.11 1.09
racCl, 242 m-xylene 1.05 0.94
nitrobenzene 5wt & 1.07 1.15
benzene 1.16 1,11
HZNCHZCH2CH2NH2 133.5 kenzene ) 1.17
NH,N (CH,), 63.9 renzene 5 vol % 114
CH,CH,CHI 102,4 benzene o 1.16 114
“ 4
n~decane 5 vol % 1,78 0.71
CCl" 76.8 m=-xyl!cne 1.10 0,94
benzene 1.32 1,14
n-decane 473 vol % 1.65 1.10
n-hexane 1.99 0,87
Br, IR, 78 ethynyl- 1,06 0,95
© o benzene
benzene 3 vol 7 1.15 1,04
n-hexane 3.62 0,.%2
CBr4 PO m-xylene 1.25 0,91
henzene denwt 1,2 0,94
n-cdecane G wt 4,10 0, i)
n~hexane TLawt $,041 fh, 42
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have contained substantially less weight of tin compounds tharnr deposited in the
filter sample obtained with benzene as fuel. A similar situation appears to

POCl2 and Cr02012.

prevail in the cases of n-~decane with 06H5

Strong Lewis-acids were found to be consistently active additives, in pro-

moting increase in smoke yield, however the increases were modest, being of the

order of 35 parcent or less, The two basic additives tested increased the smoke
yield of benzene, It is interesting to note that these bLasic additives, when
burned alone as fuels, produced no trace of carbonaceous materials. either in

the form of smoke or of deposit in the fuel tray.

Halogen-containing flame inhibitors were effective in increasing smoke

yield, Their effectiveness appears to bear an inverse relationship to the

smoke yield of the fuel without additive, however, being highest for n-hexane

and n-decane and least for m-xylene and ethynylbenzene,

The flame inhibitors Fe(CO)5 and Cr02C12, which are reported to show the

highest order of effectiveness as flame inhibitors, apparently inhibit formation

| — |

of smoke.

OXYGEN AS AN ADDITIVE

 dhimnt

Some measurements of smoke yields were made in which gas composed 50
percent of oxygen and 50 percent of nitrogen, or 100 percent of pure oxygen,
was substituted for the atmospheric air normally supplied to the burner, Other
than the composition of the gas, all other aspects of these smoke yield
measurements remained unchanged, The reasoning that prompted our undertaking

these experiments was as follows,

Nitrogen, composing about 79 percent of atmospheric air, enters a

diffusion flame along with the oxygen, but does not participate chemically in
the combustion to any significant extent, The nitrogen must be heated to the
lame temperature, however, and calculations have indicated that a substantial
fraction of the heat that must be generated, to maintain flame temperature, is

absorbed by nitrogen, It appeared, therefore, that if the flame were fed with

e S~ B -~ Y o= [ < B —— S wewp
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a smaller quantity of a more oxygen-rich mixture than air, some of the carbon

in the fuel otherwise burned to heat nitrogen to flame temperature might be
available for conversion into smoke and the smoke yield thereby increased. At
the same time, the possibility was also anticipated that the higher oxygen con-
centration of the enriched gas might react more rapidiy with the carbon smoke
formed in the flame, with a consequent reduction in smoke yieid compared with the
case in which the flame is supplied with air. It was therefore expected that, if
higher smoke yields were observed with enriched gas supply, they would occur at
the lower gas supply rates, possibly, one at which the rate of oxygen delivery

to the burner was similar to that contained in the air at our standard air sup-

ply rate.

All the fuels tested shcwed an increased smoke yield when supolied the
oxygen-enriched gas, with the exception of ethynylbenzene, which gave a lower
yield of smoke than with air. The increased smoke yields occurred when the
oxygen-enriched mixture was admitted to the burner at our standard supply rate
for air, as weil as at the lower supply rates. 1In the special case of benzene,
measurement was made at supply rates of 50 percent 0_- 50 percent N

2 2
as high as our standard air supply rate, the yield of smoke remaining extraordinarily

up to twice

high over the whole range. The results are summarized in Table 5, in which the

highest smoke yields observed at any supply rate of 50 percent O_, - 50 percent

2

N2 are tabulated for each fuel tested, together with their burning times. The
ratios of these quantities 10 those observed for the same fuels with atmospheric

air supply are also included,

The enriched gas supply produced a remarkable change in the smoke yield of
benzene, approximately doubling it over a wide range of gas supply rates. A
similar, but less spectacular, effect was obtained for cyclopentadiene. The in-
crease for other fuels was modest or negligible., It appears that the increase
in smoke yield of the benzene flame, when supplied with oxygen-enriched gas, may
be principally in the nature of a catalytic effect of the oxygen because the
effect persists at high gas supply rates, and the visual appearance of the flame
and apparent structure cf the smoke produced are changed from those character-

istic of the flame when supnlied with air,.
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Table 5

MAXIMUM SMOKE YIELDS OF VARIOUS FUELS
WITH 50 PERCENT O2 - 50 PERCENT Nz GAS SUPPLY

A S

RATIO OF EFFECTS MEASURED
GAS SUPPLY WITH 50 PERCENT Oy -
30 PERCENT 0y ~ 50 PERCENT N2
50 PERCENT N2 TO THOSE WITH
STANDARD AIR SUPPLY
FUEL
MAXIMUM .
SMOKE YIELD | BURNING MAXIMUM | purNING
X TIME SMOKE
(gm smoke/gm (sec) YIELD TIME
fuel carbon)
ethynylbenzene 0.327 50 0.96 0,57
benzene 0.305 32 2.12 0.40
cyclopentadiene 0.301 43 1.51 0.70
m-xylene 0.285 51 1.33 0.42
indene 0.284 78 1.07 0.66
styrene 0.208 54 1.05 0.61
n-nexane 0,037 46 1.19 0.54
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The enriched gas supply produced a remarkable change in the smoke yield

of benzene, approximately doubling it over a wide range of gas sugpply rates.

A similar, but less spectaculir, effect was obtained for cyclopentadiene, The
inrcrease for other fuels was modest or negligible. It appears that the increase
in smoke yield of the benzene flame, when supplied with oxygen-enriched gas, may
be principally in the nature of a catalytic effect of the oxygen because the
effect persists at high gas supply rates, and the visual appearance of the flame

and apparent structure of the smoke produced are changed from those characteristic

of the flame when cuppliecd with air.

R

The use of pure oxygen to support the benzene flame produced only an

additional 10-percent increment in the smoke yield over that cbtaired with 50

I Rt

percent oxvgen.

The practicability of supplying oxygen-enriched air to field smoke generators
being doubtful, the effect was not further investigated. Jt became a question
of much interest, however, whether a similar effect on the smokiness of benzene
flames might be produced by adding an oxygen-rich compound to the fuel. The
additive would need to countain a large percentage of oxygen, be soluble in
benzene, and of volatility comparable to benzene so that in pool-burning
of a benzene solution, it would vaporize and be carried into the flame with the

fuel. Tetranitromethane (65.3 weight percent oxygen, boiling point 126°C at

760 mm Hg) fulfilled these requirements the best of any commonly available
chemical., Tetranitromethane is capable of forming explosive mixtures with
hydrocarbons when present in high concentrations. Preliminary experiments showed
that even in dilute solutions (.05 cc tetranitromethane to 1.0 cc benzene),
tetrunitromethane was concentrated in the remaining liquid as burning progressed,
because its volatility is lower than that of benzene, with the result that the
combustion ended with a small explosion. Toluene and xylene, having boiling

points more nearly that of tetranitromethane, did not present this difficulty,

and it was poscible to safely burn solutions containing 0,8 cc of tetranitromethane
in 1.0 cc of these fuels., No increase in smoke yield resulted when these solutions
were burned with standard air supply, however, the yield being slightly lowcr

than that of the pure fuel.

4 ek — o P, b




URS 678-4 6-12

CYANURIC TRIAZIDE AND RELATED COMPOUNDS AS FUEL ADDITIVES

Cyanuric triazide is a white, crystalline solid which melts at 94°C. It
is conveniently prepared from cyanuric trichloride and sodium azide by the

following reaction (Ref, 7 and 8).

Ccl - C cC-C1 N, - C C - N
| l + 3 NaNj———s- I I + 3 NaCl
N N N N
N /7 N/
C C
l |
C1 N3
cyanuric
triazide

Cyanuric triazide is moderately soluble in benzene, The pure solid is
explosive, and detonates on being heated to a temperature of 170 to 200°C, but
as a fuel additive it would be present in dilute solution, and it was anticipated
that, in this form, the compound might decompose in a more orderly way when

subjected to heating.

Upon decomposition, pure cyanuric triazide has been shown (Ref. 7) to
be converted quantitatively into cyanogen and nitrogen, In dilute solution
in a fuel, however, where each molecule of the azide was surrounded, on average,
only by fuel molecules, only two of the three cyano groups, forming the ring
in the molecule, could ke accommodated in the formation of a cyancgen molecule,
sc that at least one cyano free radical would be set free in the fucl for
each . anuric triazide molecule decomposed. Furthermore it would appear that
these radicals would carry with them some of the energy released in de-

composition of the azide molecule, and should therefore be chemically active,

I

/| | s e & T

-

l
—

A

=l

a—
| Syep——1




URS 678-4 6-13

B

Cyanogen and cyano compounds are similar in their chemical behavior to the

)

corresponding halogen compounds to such an extent that they are referred to in
chemistry texts as pseudohnlogens. The effect of these compounds on the smoke
vield of fuels was therefore of interest in view of the activity, in this re- t
spect, shown by halogens, Cyanogen itself i3 not suitable us a fuel additive
since i1t is a poisorous gas (boiling point, - 21,17°C), Cyanogen is inflammable,
however, so that it is reasonable to expect that most of that formed in the com-
bustiou process by dzcomposition of cyanuric triazide would be oxidized to non-

poisonous products before leaving the flame,

Smoke yields of a 10 percent cyanuric triazide solution in nitrobenzene
and of 5 percent solutions in m-xylene and in benzene were measurcd. The
burning of the m-xvlene and benzene solution were uneven, being punctuated by
popping and minor explosions., This roughness of burning wis most prominent
in the case of benzene, the lowest-boiling of the fuels tested, and was

negligible in the highest-boiling fuvel, nitrobenzene,

The smoke yields of the nitrobenzene and m-xylene solutions of cyanuric
triazide were increased 13 parcent and 11 percent respectively over the pure
fuels, while the benzene solution produced only 93 percent as high a smoke

yield as that of pure benzene,

Metal azides and organic azido compounds generally decompose at moderate
temperatures (300°C or less). The azido group is ceonverted into Nz molecules,
leaving the remainder of the azido compound as a free radicnl, These compounds
would therefore appear to offer a general means for introducing different
specific kinds of free radicals into combustion reactlons for experimental
purposes, by simply adding the appropriate azido compound to the fuel, In
the present investigation, this opportunity was limited by the circumstance
that azido compounds tend to be of low volatility yelative to thedr molecular
weight, and, owing to their thermal sensitivity, would be likely in many cases

.
to decompose in the fuel tray rather than vaporizing into the flame, Azido

This limitation would not be present tn some kinds of burncrs

, lor example
those in which the fuel is spraved into the tlame,

Sy WO
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compounds do pot appear to be available i sny wide variety commercially, so

that in general it would ue necessary to invest the time and labor nrecessary for

synthesis cof ar azido compound of interest prior to conducting experiments with

it.

SELECTED HYDROCARBONS A3 FUEL ADDITIVES

Three measurements were made of the cmoke yield of a 5,78 weight percent
solution of indene in decane. The results were compared with the sum of the
; yields that would have: been obtained, from the amounts of each hydrocarbon

present in solution, if they had been burned alone,

The purpose of these measurements was fo determine whether the presence
of a small proportion of a hydrocarbon of high smoke yield (indene) would
influence the smokiness of a fuel of low yield (decane), -~ if the smoke-

producing functions of both fuels were essentially independent of one another.

T T80 0 8 & & o4

The saume measurements were made at each of three different air supply rates,

and the results are summarized in Table 6,

The results indicate that a higher snoke yield is obtained from the

.__.,

solution than would have been obtained from its components if each had been

burned in pure form, Since the increased yield appe:irs in all three tests,

it ig presumed that the effect is real, and that the component having the

higher smoke vield (indene) promotes the formation of smoke by the component

of lower yileld {(decane). In this sense, the indene can be thought of as an i

additive to improve the smoke ylela of the decane,

A detailed, quantitative, intercomparison of the smoke yields of mixtures L
of varicus hvdrocuarbons, in various proportions, uppears to be a promising
means of gaining inaights into the propertvies of hvdrocarbons that are res-
ponsible for smokiness in burning. The subject was not pursued further in
the prosent investigation, however, because the [uels tested in the present
tnvestigation, that have higher smoke vields than the xylenes, am! therefore n
might be expected to improve the smoke vicld of xvlene, 1f present as an r?

additive, are all of guestionable stability in long-term storage, c¢ither tn the |}

oMb o+ e
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pure form ur in solution, so that the likelihood of an immediste practical ad-
vantage appearing in this direction seemerd small.

TRIETHYL ALURINUM AL AN ADDITIVE

As a pure compcund, triothyl aluminum, (02H5)3A1, takes {ire spontaneuwasiy
in air and explodec when placed in contact with water or other oxyvgen-bearing
compounds, The coapound is snluble in hydrocurbons, and is stable in these
soluiions as long as air or compourds containing oxyvgen, halogens, or other
reactive substituents are not prosent., The decision to test it as a fuel
additive was chiefl  the result of the belief, based on consideration of relatiic

free energy change in the reactions involved, that if oxygen (as air] was

supplied to a hydrocarbon secluiion ¢f triethyl a2lmminum ir a guantity that was

CoO = & e /| O

ornly sufficient to convert the aluminur to aluminum oxide, the a2luminur wculd

prevail in the cumpetition for the limited -~xvgen supply, and 2 negligible

L)
1 ;
quartity of carbon would be oridized. The potential advantage of such a 1§ i
system would stem from the fact thit carbon moncxide is &z major product of the
f

*
fuel-rich oxidation of p're hydrocartons and that the oxidation of a gram »f

!

aluminum, in the fuim of triethyl :luminuzm, to aluminum oxide releases more 7 g
tkan three times the onergy ihat a gram of carbon dves in being cxidized to

carbon monoxide, The oxidation of aluminum would, therefore, provice a much

more efficient source of heat needed to maintain the tempcrature of the fuel-

rich combustion than would oxidatiorn of carbon, and, in add:tion, the consider- L

able fraction ¢ «rvor normally turned into 2 poisorncus oxidation prnduc* (car-

bon monoxide) would be avail.hle for cenversion into smoke. Other advantages

that appeared possible were that a pyropioric fuel additive might stabiiize the
fuel-rich fleme, making it less suscegtible to being blown out by wind currents
or shock waves, and that alkyl aluminum compounids might aiso exert a catalvtic

1
effect on smoke production, lj H

f/ supply of criethyl aluminwa diluted to a 20-percent solutior in benzene

bmd

was used! in initial experiments., The sclution is less reactive than the pure

It would be the only oxidized product 1f the process reached equilibrium.
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compound and its use facilitated the development of transfer and handling teck-

niques, which require that air an: .—=:sture be excluded froe it xmaterial at

s

all stages.

L W

The 20-perceat triethylaluminum soluticon in benzene, wien igniled in an 3

open dishk, burned with a2 flome ot notice:blv more sacky than that of pure ben- z

alcohols. or nitrobenzene. Tae explcsive reaction with nitrobenzene can be
% avoided if that compound is diluted suificiently with benzere. Under these cir-
cumstances the reaction of tke nitrobenzene with triethyl aluminum occurred en-

tirely in the liquid phase without developwent of flame cr evolution of smoke.

The boiling point of triethyvi azluminum is given as 186 C, wkereas bernzene

% a
i g zene. Tbe 20-percent soiulion reacts expiosively in contact w.th iiquid water, .
R

BN D

boils at 80°C, so that when a solution contairning mostly benzene :s burned

in 2= gpen tray, practiecally all the vapsr fevaing the {leme, zt least

§> initialiy, will be benzene. To explore the effect of triethvlaluminum as ar
addizive tc fuels daving more nearly its owrk volatility, a2 supply of sure

i triethyl-aluminum was obtzined and volumetric aliquots of it added to

appropriate volumes of the fuels, to prepare solutions of kaosan concerntration,

usually 10 percent by voluwe of triethylaluminum. it was found convenient

to traasfer the alkvlaiuminum from its cylinder to a pyrex serum bottle with
a teflen stopper. The bottle together withk the transier line comnecting it
to the cyvlinder were purged several times with dry nitrogen bvefore transfer.

Aliquets of the triethrlaluminum were transferred from the bottle to measurcd

quantities of the fuels contained in nitrogen-purged seruam bottles by means
47§ of a purged hypodermic syringe of 1 c¢c capacity. The sol:tions were transferred
i; : from the .erum bottles to the fuel tray of the burner in nitrogen-purged

hypodermic syringes. The solutions were ignited immediately after transfer

i

;o to the fuei tray.

The smcke yields of solutions containing 10 percent triethyvlaluminun

SO

in n-decane and ir m-xylene were messured. They were slightly lower than the
smoke yields of the pure fuels. In each case, a white powder remained in the

fuel tray after the test. The weight of this residue was consistently the
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calculated weight of aluminum oxide equival :at to the aluminum coantained as ad-

ditive in the fuel sample to axithin about 10 percent.

It would appear, thereiore, that the triethylaluminum reacted with cxygen
within the fuei tray in tkese experiments, instead of in the flame. Further

evidence of this course of events was provided by a comparison of burning times,

that of the solution with additive oveing onrly about two thirds as long as for
the pure fuels, Tais cculd be due to accelerated evaporation of the fuel in the

iray by energy released in oxidation of aluzinuam there.

More volatile organometallic compounds, ccotaining magnesium, boron, or
alumine=, and, perkaps, of sligxtly less pvrophoric nzture than triethvlalumia-

un might be more successful as additives to increase smoke production.

"3 = BN o ewm P D

THE EFFECT OF SOLID DEHYDRIGENATION CATSLYSTS ON SMOKE YIELD

A series of experiments were perforz2d in which solid catalvsts were placed

ir the fuel tray of the apparatus for measur=men: of sacke vicld, the iuel

filling the interstices betseen the catalyst grains. The advantage expected

c¢f this srrangement was that the catalyst, togetuer with the fuel would be heated f‘
by the transfer of erergy fro- the flame, and that the fuel vapor, in passing 1-

: the heated catalyst, would undergo some dehydrogenation with a consequent increzse '
= its smoke yield. {_

E Xost of the solid catalysts tested were industrial dehvdrogenaition or 7

| oxidation catalysts manufictured by Harshaw Chemical Co., but sircple mixtures -
of phosphorous pentox:ide, of sodium azide, and of sodium amide w%ith diztomaceous )
earth: rere als~ tested. Fouir of the Harshaw catalysts were intended for fluidized- j
bed application, so theyv were ir the form of a free-flowing powder having median -
particle cize of about 60 microns. This was 2 convenient grain size for our J
purpose, so the remaining catalysts, which were in the form o° small cylindrical

)

tablets, were ground and sieved to a size distribution approximating that o the

powdered catalysts.

T ]
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Three materials (glass microspheres, silicon carbide, and diatomacecus

P
CW vy

earth), thought to possess no special chemical catalytic activity, were tested
to indicate whether the mere presence of granular material in the fuel tray
would change the smoke vield due to physical effects such as a change in the

cchedule of heat traansfer to the fuel, for example.

The glass microspheres were, fortuitoiusly, of nearly the same varticle size
as the fluidizecd-bed catalysts, and the silicon carbide was ground and sieved to
this size. The diatomacecus earth, however, was in its netural submicroscopic
particulate for=. One gram o2f catalyvst pewder (weighed to within 0.05 gram)
was placed in the fuel t-ay for each experiment. The fuel was adced immediately

before igni:tion. Results are given in Table 7.

From the results given fo:r the last three materials listed in Table 7, it

would be inferred that benzene, burning over granular caterial having no special

(5 1 I

chenical catalytic activity, would have a smoke yield greater by about 5 percent

than benzene burning alone. On the basis of this assumption, Harshaw catalyst

by 1 SN

Al-140iP Alumina Catalyst, and phosphorous pentoxide on diatomaceous earth both
skox a catalytic effect on snmoke yvield. Both of these catalvsts are acidic.
Sodium amide on diatomaceous earth, a strongly basic cataiyst, also shows some
activity. Other catalysts listed have negligible effect on the smoke yield ex-
cept for Harshaw catalysts Fe-0303? Iron Catalyst, and Mn-0201-T Manganese Cata-

lyst which appear to operiate on n-hexane, but not on benzene. -
¥ p

T e, Mt C oD SN
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Table 7

EFFECT ON SMOXE YIELD OF COMBUSTION OVER SOLID CATALYSTS

Fuel

Ratic o! Lifects
With Soiid Catalyst

Burred Smok lemu; To Those With
Solid Catalyst Description On Yield e Fucl Alone
13 a
Cawalyer Smoke Burning
Yiele Time
Al-1401 P, Alumina Cataiyst® benzene 0.170 104 1.18 1.30
A microspheroidal high-activity alurina m-xylene 9.258 77 1.21 0,64 }
Powder contatning 97% Al;O4 specifically
dosigned for fluid bed operations. n-hexane 0.037 88 1.19 1.04
Size:
0-204 53 ABD 60 Ib/f3
20-40p 29% PV 0.49-.51 ce/g
-850 417 SA 180-200 m2/g
80y 243
Cr-1404 P, Chrome Alumina Ca‘alyst’ benzene G.151 M 1.05 .17
A microspheroidal Je=:drogeaating o-hexane 0,028 94 6.93 .11
catalyst for fluid bed use. This pouder
contatay 19% CryO4. supported oo
high-activity alemina.
ABD 38 Ib/n3 % = b
SA  80-100 m/g  20-40 18%
PV 0.59 ce/g 40-90 M5
80 6%
Fe~0303 P. iron Catalyst® benzene 0.132 10~ 9.92 1.30
A ixid bed microspberoidal hycrogemtion e-heaane 0.037 33 1.29 1.09
catalyst coatatning 203 Fe203 nourted 2
ABD 68 Ib/n3 SA 105 122/
PV 0.49 [+ 4
Nn-0201 T 1/8" Manganese Catalyst® benzene 0.146 84 1.01 1.05
A black tableted axidstion catalysi n-bexan: 0,038 86 1.24 1.9
contaiaing 197 manganese diaxide
mounted oa activated alumina.
ABD 7101b/m3  S2 69 /g
Streogth 35 Ib PV 0.3 cc/g
—
Mo~1101 P, Molybdera s'umisa Catalyst® benzene €.133 ool .92 1.22
Used for fluid bed Xydrofor ning and n-hexane 0.022 88 .72 1.04
dehydrogemation. A gray roicrospheroial
powder containing 113 MoO3 mounte i on
bigh-activity alumina.
ABD 68 ib/n3
Ni-1691 T 1/87, Nickel Catalynt* benzene 0.i86 98 1.01 122
A decomposition catalyst cuntaiaing § to - n-hexane 0.031 9 0.99 1.07
4% each nickel oxide, cobait oxide and
iron oxide mounted 04 activated alumna.
ABY  621b/ SA 18 mi/g
Srength 16 b PV 0.28 =¢/g
V-0601 T 1/§", Vanadia Catr’yst® benzene 0,150 118 1.04 1.45
Usod for oxidation. Orange ‘ablets o~hexane 3,027 101 0.86 1.18

containing 10% V305 mounied oo high
activity alumins

ABD 60 1b/03  Sa 115 m2/g
Strength 26 1b PV 0.2: cc/g

————— . e e ce e

NOTE-  Asterisked catalysts are manufactured by Harshaw Chemical Co. The descriptions are those given by them.

A3D - apparen: bulk density, packed,

PV - pore volume.
SA - surface are?.
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Table 7 (cont)

| T T =
, i : | Ratio of Effects ;
’ Fuel | : With & ".d Catalyst |
- = | Burned Seaoke Py To :hose With :
f sSoli Catalyst Description On Yield s:; } Fuel Alone
i [ Caialyst ( i —
; Smoke Burning
! i Yield Time
N { | I a
E | Prosphorus Peatax:de - diatomaceous benzene 0.170 89 l s .11
- i earth 1:3 by weight m-x: lene 0.221 19 1.04 0.99 i
L n-decanc 0,038 159 1.31 0.94
l Sodium Azide ~ diatoli >eous earth benzene 0.133 121 0.92 | 151
H 3 oy w
5 [ 15 oy e m-xylene 0.1%0 119 0.59 9.9
n-decane 0.056 13z 1.82 1.44
. Sodium Amide - diatom>ceous earth benzene 0.164 0 1.14 .16 !
. :3 by weight |
g 1:3 by weigh | n-decane 0,045 135 L Loosz
] S i e __jli
Clazs microspheres ! bYenzene 0.153 71 1.0 !oo.89 ;
. Siticon carbide i benzene 0.157 { 63 1.0 | o719
3 4 -
g ! Duatomaceous earth H benzeae 1 0.148 12¢ i 1.03 . 1,57 ;
£ 1 i i : —
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E Section 7
CONCLUSIONS AND RECOMMENDATIONS

R

A wide variation (aboit a factor of fifteen in the smoke yield) was found

in the tendency of pure hydrocarbons to produce smoke when burned as fuels in

s

zir, Pure liquid hydrocarbons werc tested that had up to approximately 2.4 times
the smoke yield of benzene. The compounds of hignhest smoke yield appear to be

of doubtful long-term stability in storage, s¢ that the isomers of xylene, which
produced about 1.5 times as much smoke per unit weight of fuel as benzene, appear

to be an optimum practical choice of fuel.

‘Additives that were effective in increasing smoke yield produced percentage
increases that were in an inverse relation to the intrinsic yields of the fuels

to which they were added. Thus, while several fold increases in smoke yield were

obtained in some cases for the normal paraffins which are poor smoke producers,

no fuel additive was found to be capable of producing more than about 25-percent

in_rease in the smoke yield of m-xylene.

Replacement of hydrogen in the hydrocarbon molecule, in particular by

groups tending to withdraw electrons from the hydrocarbon radical to which they
are attached, i.e., by electrophilic suhstituents, was found to be generaliy more
effective in increasing smoke yield than the presence of additives in solution.
The effectiveness of electrophilic substituents in increasing the smoke yields

of hydrocarbons to which they are attached is consistent with the observation
that the snoke vields of pure hydrocarbons measured in the present investigation
correlate well with the strength of the hydrocarbons as carbon acids, The
substitution of an electrophilic groip for hydrogen in the hydrocarbon would be
expected to withdraw electrons from the hydrocarbon, and thus increase its

strength as a carbon acid.

The diminished effect of additives on hydrocarbons of higher intrinsic
smoke yield is understandable if it is assumed that the effectiveness of the

additives depends on their ability to further the acid dissociation of the fuel.




B S A bt <

it S R

At sam e <

URS 678-4 7-2

If it is assumed that a given additive produces the same percentage increase in
the acid dissociation of two hydrocarbons of different intiinsic strength as
carbon acids, the apparent acid dissociation constant of both hydrocarbons, with
the additive, would be increased over their respective acid constants as pure
hydrocarbons by the same factor. If the smoke yields are proportional to the
logarithms of the acid constants as indicated by the correlation shown in Fig.
3, an increase in the acid constants of two hydrocarbons by a common factor
would result in increases in the smoke yields by a common increment., The addi-
tion of the same increment to two different values of smoke yield, will not re-
sult in the same percentage increase in the two cases. The percentage increases

in smoke yieid will, instead, be in inverse proportion to the original yields,

Thus, for example, the fractional increase of the smoke yield of ethynylbenzene

aue to the presence of an additive would be about 0.085 as great as that of n-decane,

and the increass in yield for m-xylene would be 0.656 that of benzene for the same
additive if that additive produced the same fractional increase in the acid
dissociation of each of these fuels, In the resulits given in Tables 3 and 4, the
diminished fractional increase of smoke yield of fuels of higher intrinsic yields,
due to the effect of a given additive, can be accounted for, in some cases, on

the basis of the foregoing argument. In general, however, the fuels of high
intrinsic yield show somewhat lower increases than this, relative to those of

the low-yield hydrocarbons. It must therefore be assumed that the effect of the
additives on the constants of the stronger carbon acids, in these instances, is
somewhat less than its effect on the weaker carbon arids, or that other infiuences

are active,

None of the smoke yields of fuel-additive mixtures or of substituted

hydrocarbons, that were measured in the present investigation, fell more than a

few percent higher than the maximum yield measured for pure hydrocarbons, namely,
that of ethynylbenzene, CGHSC = CH. This compound is one of the stronger carbon
acids of those liquid hydrocarbons for which acid strength measurements have
been made. Its smoke yield, given in Table 1, is 0,342, If the effectiveness
of additives or electrophilic substitution in increasing smoke yield is

principally due to the increased acid dissociation of the hydrocarbon that is

:
}
3
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thus induced, and if this effect diminishes in the manner discussed ahove for

i hydrocarbons of high yield, it would appear that this means of increasing smoke
i_ yield is effective only up to a maximum of about 35 percent recovery of fuel
i carbon, in the particular apparatus employed to measure smoke yield in this in-
‘ ' vestigation, Yields beyond this level presumably are barred by some feature of
i‘ the smoke-making mechanism not appreciably influenced in any of the experiments }
l in the present program, %
. ! It may be significant that the highest recovery “or any of the processes 3
‘f used in the carbon black industry is also in the range of 30 to 40 percent "]
E {Ref. 9), although compariscr of smcke yields measured under different conditions
“’ in different combustion systems is inherently uncertain.,
- é Basic understanding is needed of the natur: of the obstacles in the smoke 7
t proauction mechanism that stand in the way of obtaining 35 to 100 percent of
.&? g» the carbon in the fuel as smoke. Some insight to the problem may result from
i ¥ comparison of the conditions in the condensed and gaseous phases under which
f;,g- high yields of carbon are obtained in pyrolysis oI hydrocarbons and their
2 M derivatives.
3 I * !
% Differential therma. arilysis of aromatic compounds conducted as 2 means ks

.

of investigating the mechanism of their pyrolysis in the liquid or solid state,

has shown (Ref. 10) a wide variation in the capacity of various compounds to

PRl I

deposit carbon as a residue. In these experiments, conducted at Union Carbide
Corp., the sample and an inert reference material were heated together in an
argon atmosphere at a rate of 10°C per minute to 750°C. The amount of carbon

residue remaining at the end of the experiments was measured, and volatile pro-

ducts were collec:ed for analysis., Sone of the compocunds tested produced no

Differential thermal analysis is an analytical method in which the tempera-
ture of a sample of the material under study is compared with the temperature
of an inert reference material (such as anhydrous aluminum oxide) as both are
heated tcgether, Temperature regions where heat is absorbed by the sample
(indicating endothermic reactions) or evolved (exothermic reactions) can be

kS identified by irregularities they produce in the otherwise amoothly continuous
{ e temperature rise in the slowly heated sample and reference,

fo-aianis dncaen
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measurable carbon residue. A majority of the compounds produced small but mea-
surable deposits (nontaining of the order of 5 percent of the carboix contained
in the fuel. About 25 percent of the conipounds tested produced deposits of car
bon greater than 34 percent of that contained in the fuel, In some c¢f these
cases, es much as 85 percent of the carben in the fuel was deposited in the
residue. The proclivity of these compounds toward large carbon residues had no

apparent correlation with their volatility or other properties.

One of the simpler of the aromatic compounds tested, 2-nitrofluorene,
produced €7,4 percent carbon residue, Its thermogram showed, in addition to
the usual endotherm at the meiting point (157°C), a single exotherm at 303°C,
While it is not surely known that the carbon residue was deposited at the re-
latively low temperature of the exotherm, it was certainly deposited at
temperatures less than 75Q°C, becaus: this was the highest temperature to which
the sample was heated. By way of contrast, when a hydrocarbon vapor diluted
with an inert gas is heated, high yields of black carbonaceous smoke have not
been reported at temperatures below about 900 to 1000°C, whatever the structure

of the hydrocarbon.

1t would appear, from these observations, that the capacity of organic
compounds in the solid or liquid state to decompose in pyrolysis at low
temperatures to deposit high yieids of carbon is a fairly special and not very
obvious function of the molecular structure of the compound. In the gaseous
state, apparently, decomposition of organic compounds to form carbonaceous
smoke can occur only at higher temperatures, regariless of the structure of the
compound. This comparison, together with the remark of Palmer and Cullis
(Ref. 6 P. 280) that ''in contrast to the variety of surface carbons which may
ke formed (in pyrolysis), essentially one type of carbon is formed exclusively
from the vapor phase' would suggest that an overriding limitation, peculiar to
deposition of carbon in the vapor phase, determines the temperature required
and the form of the deposit, This limitation must lie somewhere in the process
of racleation (or formation) of the carbon particles, since tniz is the only

feature unique to deposition of carbon in the gas phase,
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If it were found that the mechanism of nucleation was such that it could
cperate efficiently only at high temperature (1000°C or higher), this by itself
might accouni for the limitation of smoke yirlds in combustion processes to a
maximum of about 35 percent. The calculated equilibrium composition of the com-
bustion products of benzene at 1300°K (1027°C)* contains 34.3 percent of the
carbon in the form of the unoxidized element, The fraction cof carbon in elemen-
tal form at equilibrium rapidly diminishes as the equilibrium temperature is
raised, Thus, if the combustion process operated not too far from equilibrium,
and if efficient nucleation could occur only at temperatures of about 1000°C or
greatcr, the fraction of_total carbon that could be present in elemental form

(as smoke) would be about 35 percent or less.

Further chemical investigation intended to improve the performance of
carbon smoke generators would therefore need to seek an understanding of the
mechanism of the formation of carbon smoke. This goal is of great interest and
technological usefulness, however the investigation must be quite basic in nature,

and possibly long-term as well.

In the immediate term, it is recommended that an investigation be conducted
of the extent to which the performance of a full-scale prototype smoke generator,
employing a hydrocarboui {uel with air as oxidizer, can be improved by optimizing
the mode of mixing and degree of turbulence of the streams of fuel vapor and air,
for greatest production of smoke. F¥E-rperience in the carbon blacl. industry has
shown these physical factors to be important to the yield of carbon black obtained
with a given fuel, and much of the work of their research and engineering divisions
is reported (Ref. 9 p. 45) to be centered on the design and development of burners

for best control of these factors,

The benzene is assumed to react with just sufficient oxygen (as air) that

the energy releascd is sufficient to heat the products, at equilibrium, to
1300°K. The calculated fraction of carbon present, as the element, at equili-
brium at 1300°K for hydrocarbons in general will not differ greatly from that
calculated for b=nzene,
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